SYSTEMS AND METHODS OF COOLING A FIBER AMPLIFIER 

FIELD OF THE INVENTION 
The present invention relates generally to optical fiber amplifiers and, more 
5 particularly, to techniques for cooling an optical fiber amplifier. 

BACKGROUND OF THE INVENTION 
Laser systems including fiber amplifiers are commonly used in many 
applications, including telecommunications applications and high power military and 

10 industrial fiber optic applications. For example, both U.S. Patent No. 5,946,130, 
issued Aug. 31, 1999 to Rice and U.S. Patent No. 5,694,408 issued Dec. 2, 1997 to 
Bott et al. describe many such applications in which laser systems including fiber 
amplifiers are employed including the processing of materials, laser weapon and laser 
ranging systems, and a variety of medical and other applications. In this regard, such 

1 5 fiber amplifiers generally include optical fibers that passively transmit optical power, 
fibers that experience or are designed to enhance performance of a laser through 
nonlinear optical processes such as Raman-shifting and Brillouin scattering, as well as 
optical fibers that are doped with a lasing ion embedded in the fiber material. For 
more details of such applications, see U.S. Patent No. 5,832,006 issued Nov. 3, 1998 

20 to Rice et al., the contents of which are hereby incorporated by reference in its 

entirety, which describes coherently phasing Raman fibers in a high brightness array. 
In addition, see U.S. Patent No. 6,363,087 issued Mar. 26, 2002 to Rice, the contents 
of which are also incorporated by reference, which describes a multimode Raman 
fiber amplifier. 

25 Optical fiber amplifiers are designed to increase the power output levels of the 

signals propagating therealong. One conventional optical fiber amplifier design is an 
end-pumped dual-clad fiber, such as that described in U.S. Patent No. 4,815,079 
issued Mar. 21, 1989 to Snitzer et al. Referring to FIGS. 1A and IB, the dual-clad 
fiber 1 has a single mode signal core 2, a multi-mode pump core 3 surrounding the 

30 signal core, and an outer cladding layer 4 surrounding the pump core for confining 
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pump energy within the pump core such that signals propagating through the signal 
core are amplified. The signal core will typically be doped with one or more rare 
earth elements such as, for example, ytterbium, neodymium, praseodymium, erbium, 
holmium or thulium. 

5 In operation, pump energy is coupled into the pump core 3 at the input end 5 

of the fiber. The pump energy then propagates through the pump core until it is 
absorbed by the dopant in the signal core 2, thus amplifying signals propagating 
through the signal core. Although dual-clad fibers 1 can have different sizes, one 
typical dual-clad fiber includes a signal core that has a diameter of 8-10 |im and a 

10 pump core that has cross-sectional dimensions of 100-300 jam. End-pumped dual- 
clad fiber amplifiers of this size can typically reach fiber energy power levels of 100 
W. Recent demonstrations of fiber lasers operating with output powers in excess of 
one kilowatt have been performed. The use of large core multimode fiber designs 
have increased the power output beyond those limits encountered in single-mode fiber 

15 lasers. The large core multimode fibers can have a doped core with cross-sectional 
dimensions on the order of 30 to 50-microns in diameter or larger. The pump 
cladding sizes have increased to about 350 microns in diameter with an outer cladding 
to over 500 microns in diameter. Additionally, progress has been made on 
construction of photonic, bandgap or "holey" fibers that have voids within the fiber to 

20 improve the wave-guiding properties of the fiber construction. All of these designs 
have a need to remove excess heat from the doped core of the fiber laser oscillator or 
amplifier. 

In general, laser systems can scale arrays of fiber amplifiers to produce higher 
power by coupling the output energy from a bundle of relatively low-power, fiber 

25 amplifiers. It will be appreciated, then, that scaling fiber amplifiers is generally 

driven by the ability to coherently combine the output of multiple fiber amplifiers. In 
this regard, to combine the outputs, the individual fiber amplifiers must typically 
comprise low-noise, single-mode amplifiers that polarize the output energy such that 
the energy from the individual amplifiers can be efficiently combined into an 

30 integrated array. Stable control of the thermal environment of the fiber amplifier is 

required to maintain the low-noise operation for phasing of fiber arrays. Uncontrolled 
heating of a fiber creates significant changes in the optical length and hence the 
optical phase of the signal at the output ends. Rapid heating would cause significant 
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tracking issues for phase modulation and control techniques needed to coherently 
phase the outputs of two or more fibers. 

Although laser systems generate coherent output power in a manner that is 
intrinsically efficient, a physical limit referred to as the quantum defect limit typically 
5 limits the energy conversion process of such systems. As is known, quantum defect is 
the difference in the photon energy at which the process is pumped versus the energy 
of the radiated "lasing" photons. For the most efficient systems, 70% to 90% of the 
pump energy from laser diode pump photons is converted to output energy. For less 
efficient arrangements, however, the efficiencies can lie in the range of 40% to 50% 

10 or lower. Generally, the quantum defect limit, as well as spontaneous radiation 

losses, miscellaneous optical absorption losses and other non-productive processes, 
lead to thermal energy release that heats the fiber amplifier. 

In continuous or quasi-steady operational modes, the temperature of the fiber 
amplifier will rise until an equilibrium heat transfer condition is established. For high 

1 5 power laser systems, such a rise in temperature can result in elevated temperatures in 
the core of the fiber amplifier (typically where doped lasing media is located in fiber 
amplifiers having a doped core). In turn, the elevated core temperature can degrade 
the efficiency of the laser system, lead to unacceptable optical distortions or, in the 
extreme, to failure of the fiber amplifiers or surrounding system materials and 

20 components. Thus, it would be desirable to design a fiber amplifier and optical fiber 
laser system that conduct heat away from the core of the fiber amplifier or otherwise 
decrease the amount of heat generated in the fiber core. 

SUMMARY OF THE INVENTION 
25 In light of the foregoing background, the present invention provides systems 

and methods of cooling a fiber amplifier, such as a dual-clad fiber amplifier. 
Advantageously, embodiments of the present invention are capable of cooling a fiber 
amplifier in a uniform manner. And by cooling the fiber amplifier in a uniform 
manner, embodiments of the present invention permit the fiber amplifier to experience 
30 a uniform thermal gradient across the fiber at acceptable temperatures, to thereby 

provide efficient operation of the fiber amplifier. In this regard, embodiments of the 
present invention are capable of cooling a fiber amplifier in a manner that reduces 
deleterious thermal stresses and optical degradations. 
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According to one aspect of the present invention, a system is provided for 
cooling a fiber amplifier. The system includes a fiber amplifier assembly, which, in 
turn, includes a longitudinally-extending fiber amplifier, a jacket and a retaining 
structure. The jacket surrounds the fiber amplifier and extends at least partially 
5 longitudinally therealong. The jacket surrounds the fiber amplifier such that the fiber 
amplifier assembly defines a passage between the jacket and the fiber amplifier for 
the circulation of coolant therethrough, such as to place the coolant in direct thermal 
communication with the fiber amplifier. To facilitate the circulation of coolant, the 
retaining structure is disposed within the passage defined by the fiber amplifier 
1 0 assembly for at least partially maintaining a spacing between the fiber amplifier and 
jacket. 

Advantageously, the retaining structure and coolant can both comprise an 
emulsion of phase change material. Generally, the coolant can be selected to have a 
refractive index smaller than a refractive index of the fiber amplifier. More 

15 particularly, the emulsion of phase change material can comprise, for example, a 
plurality of phase change materials suspended in a carrier fluid, where each phase 
change material comprises an encapsulated composition. In this regard, the phase 
change materials can be positioned within the passage such that the phase change 
materials remain at least partially stationary. In such instances, the fiber amplifier 

20 assembly can define a passage between the jacket and the fiber amplifier such that the 
phase change materials remain at least partially stationary and the carrier fluid 
circulates through the passage. 

According to another embodiment of the present invention, the fiber amplifier 
assembly comprises at least one sheet spacer and the fiber amplifier. In this 

25 embodiment, the fiber amplifier is capable of being mounted in a serpentine manner 
through the sheet spacer to thereby maintain separation between portions of the fiber 
amplifier. Additionally, by mounting the fiber amplifier in a serpentine manner 
through the sheet spacer, the fiber amplifier assembly can define a passage between 
the portions of the fiber amplifier for the circulation of coolant therethrough. 

30 In addition to the fiber amplifier assembly, the system can include a thermal 

management system capable of circulating coolant through the passage defined 
between the jacket and fiber amplifier of the fiber amplifier assembly. More 
particularly, the thermal management system can be capable of placing coolant in 
thermal communication with the fiber amplifier such that the coolant can carry heat 
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away from the fiber amplifier. Then, the thermal management system can be capable 
of rejecting the heat carried away by the coolant. For example, the thermal 
management system can be capable of placing coolant in thermal communication with 
the fiber amplifier such that the coolant can at least partially melt to thereby carry heat 
away from the fiber amplifier. In turn, the thermal management system can be 
capable of condensing at least a portion of the partially melted coolant to thereby 
reject the heat carried away by the coolant. 

According to other aspects of the present invention, methods are provided for 
cooling a fiber amplifier. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Having thus described the invention in general terms, reference will now be 
made to the accompanying drawings, which are not necessarily drawn to scale, and 
wherein: 

FIGS. 1 A and IB are an orthographic view and a front view, respectively, of a 
conventional end-pumped dual-clad fiber; 

FIG. 2 is a block diagram of selected components of a laser amplifier 
fabricated using a plurality of fiber amplifiers according to one embodiment of the 
present invention; 

FIGS 3A-3D illustrate alternative configurations of selected fiber amplifiers 
employed in a high power coherent laser amplifier according to one embodiment of 
the present invention; 

FIGS. 4, 5 and 6 are orthographic views of a fiber amplifier according to 
various embodiments of the present invention; 

FIG. 7 is an orthographic view of an arrangement of a plurality of fiber 
amplifiers within a spacer to thereby facilitate cooling the fiber amplifiers; and 

FIGS. 8 and 9 are schematic block diagrams of systems for cooling a fiber 
amplifier according to embodiments of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 
The present invention now will be described more fully hereinafter with 
reference to the accompanying drawings, in which preferred embodiments of the 
invention are shown. This invention may, however, be embodied in many different 
forms and should not be construed as limited to the embodiments set forth herein; 
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rather, these embodiments are provided so that this disclosure will be thorough and 
complete, and will fully convey the scope of the invention to those skilled in the art. 
Like numbers refer to like elements throughout. 

One example of a coherent phased array of fiber optic amplifiers suitable for 
5 use in the present invention for generating high-power laser beams needed for long- 
range radar system applications is shown in FIG. 2. This particular laser power 
amplifier is described in detail in U.S. Patent No. 5,694,408, the contents of which are 
hereby incorporated by reference herein in its entirety. It will be appreciated that the 
power splitter, amplifier and phase modulator elements in FIG. 2 may be arranged in 

10 various configurations other than the exemplary arrangement illustrated in that Figure. 

The fiber optic power amplifier 10 illustrated in FIG. 2 includes an input laser 
beam coupled to a fiber optic power amplifier 12. The laser beam can comprise, for 
example, a stable, very narrow linewidth, laser beam capable of operating in a TEMoo 
mode at a frequency within the gain spectrum of the power amplifier, and capable of 

1 5 being coupled via an optical fiber to deliver a continuous wave or pulsed signal to 
downstream components. The fiber optic power amplifier also includes a first stage 
composed of a first beam splitter element 14, for splitting a received laser beam into a 
number N of secondary laser beams. Each of the secondary laser beams is provided 
to a second beam splitter element 16, which produces a number M of tertiary laser 

20 beams from a respective one of the secondary laser beams. Each of the tertiary laser 
beams is amplified by a respective fiber amplifier generally denoted 18. It will be 
appreciated that although two separate stages of beam splitter elements and one 
amplifier stage are depicted in FIG. 2, the fiber optic power amplifier can have more 
or less amplification stages. For example, when the first and second beam splitter 

25 elements include one or more optical amplifiers 20 pumped by one or more pump 

sources 22, a beam splitter 24 and, optionally, a number NxM phase modulators 26, 
respectively, a total of three amplification stages are included in the power amplifier, 
as shown in FIGS. 3 A and 3B. 

Alternative configurations are also possible. For example, the number of 

30 series connected elements, i.e., beamsplitter elements 14, 16, can be any number 

greater than or equal to two. Moreover, it should be mentioned that the beam splitter 
construction is not limited to the arrangements illustrated in FIGS. 3A and 3B. For 
example, as shown in FIG. 3C, the first stage beamsplitter element need not include 
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either an amplifier 20 or a phase modulator 26. Alternatively, the first stage 
beamsplitter element may include an optical amplifier but omit a phase modulator, as 
shown in FIG. 3D. It will be appreciated, then, that additional amplifier stages can be 
provided. 

5 It will be noted that the fiber optic power amplifier 10 includes a phase 

modulator 26 in each optical path terminating at an output device or in the process of 
free space propagation of the optical power to a more distant point in space. It will be 
appreciated that the phase modulators are provided to ensure that all of the N x M 
laser beams output by power amplifier arrive at the output device, e.g., a lens, with a 

10 predetermined phase profile to minimize the losses produced in output device. This 
may be to either produce a uniform phase across the N x M array of fibers, or as a 
phase conjugate arrangement of wavefronts across the N x M array so as to correct for 
the optical distortions elsewhere in the optical system. Such a method of phase 
conjugate correction may also be used to compensate for external aberrations to an 

1 5 optical system such as atmospheric turbulence or optical errors in any other 

transmissive, reflective or refractive optical media (e.g., fibers, lenses, mirrors, 
gratings, windows, etc.). The power amplifier of FIG. 2 includes a waveform sensor 
28 in the output optical path, where the sensor signals are provided to phase 
modulators 26 in elements 20, 30 via an adaptive waveform controller 30. Examples 

20 of the construction and operation of waveform sensor and waveform controller are 
provided in above-referenced U.S. Patent No. 5,694,408. 

As explained in the background section, in continuous or quasi-steady 
operational modes, the temperature of a fiber amplifier can rise until an equilibrium 
heat transfer condition is established. For high power laser systems, such a rise in 

25 temperature can result in elevated temperatures in the core of the fiber amplifier, 
which can degrade the efficiency of the laser system, lead to unacceptable optical 
distortions or, in the extreme, to failure of the fiber amplifiers or surrounding system 
materials and components. Thus, in accordance with embodiments of the present 
invention, a fiber amplifier assembly is provided that is capable of axial cooling a 

30 fiber amplifier, such as a dual-clad fiber amplifier, by transferring heat away from the 
core of the fiber amplifier. 

Referring to FIGS. 4, 5 and 6, the fiber amplifier assembly 32 of embodiments 
of the present invention generally includes a fiber amplifier 34. In turn, the fiber 
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amplifier includes a single-mode signal core 36, which is typically doped with one or 
more rare earth elements (e.g., ytterbium, neodymium, praseodymium, erbium, 
holmium, thulium, or other rare-earth elements that have energetic ions, etc.), and a 
multi-mode pump core 38 surrounding the signal core. As an example, the fiber 
5 amplifier can comprise a dual-clad fiber amplifier including a signal core formed of 
boro-germanosilicate glass and doped with ytterbium and erbium, and a multi-mode 
pump core formed of silica glass. The dual-clad fiber also typically includes an outer 
cladding layer 40, such as an outer cladding layer formed of fluorinated polymers or 
polycarbonate resins. In this regard, the outer cladding layer surrounds the pump core 

10 for confining pump energy within the pump core such that signals propagating 
through the signal core are amplified. 

Unlike conventional fiber amplifiers, however, the fiber amplifier assembly 32 
of embodiments of the present invention includes a jacket 42. The jacket surrounds 
the outer cladding layer 40 and is spaced apart from the outer cladding layer, thus 

1 5 defining a passage 44 between the jacket and the cladding layer. The jacket can be 

formed of any of a number of different materials, including plastics, glasses or metals. 
The jacket can be formed of any materials of sufficient structural strength as to 
confine coolant and a retaining structure (described below), yet have sufficient 
flexibility to bend as needed for handling and installation of the fiber amplifier 

20 assembly, as desired. If so desired, the materials forming the jacket can be 
transparent or opaque, and/or selected in accordance with constraints such as 
protection from optical radiation, a safety constraint. The jacket can further be 
formed of materials selected to protect the fiber amplifier from the external 
environment, handling of the fiber amplifier 34, abrasion by external means, and 

25 crushing forces. 

To at least partially maintain the position of the fiber amplifier 34 with respect 
to the jacket 42, such as centered within the jacket, the fiber amplifier assembly 32 
can further include a retaining structure disposed within the passage between the 
jacket and the cladding layer, the jacket and retaining structure collectively being 
referred to as a cooling structure. The retaining structure can comprise any of a 
number of different structures that maintain the position of the fiber amplifier within 
the jacket while preserving at least a portion of the passage. For example, as shown in 
FIG. 4, the retaining structure can comprise a spiral spacer 46, such as a nylon, fused 
silica or Teflon® spiral spacer, wrapped around the fiber amplifier along the length of 
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the fiber. In addition to retaining the fiber amplifier within the jacket, the spiral 
spacer can comprise another fiber amplifier. As such, when the spiral spacer and the 
fiber amplifier do not include outer cladding layers 40, the spiral spacer can also carry 
pump energy into the center fiber amplifier. 

In another example, shown in FIG. 5, the retaining structure comprises a fluted 
structure positioned about the fiber amplifier 34. More particularly, the retaining 
structure comprises a plurality of ribs 48, such as a plurality of ribs formed of plastic, 
glass, or metal spaced angularly from one another and extending both outwardly from 
and longitudinally along the fiber amplifier. In this regard, the spacing between the 
ribs bifurcates the passage between the fiber amplifier and the jacket. Further, in yet 
another embodiment, shown in FIG. 6, the retaining structure comprises a plurality of 
static or slow moving phase change thermal pellets 50. Such pellets, then, can at least 
partially melt, or more particularly melt or vaporize, at a desired control temperature, 
as described below. 

Irrespective of the configuration of the retaining structure, the fiber amplifier 
assembly 32 can be constructed such that the velocity of coolant circulated between 
the fiber amplifier 34 and the jacket 42 is selected to achieve a low-pressure drop and 
a desirable rise in the coolant temperature. Also, properties of the fiber amplifier 
assembly, such as the size and/or geometry of the passage 44 defined between the 
jacket and the cladding layer 40, the coolant viscosity, volumetric changes of the 
coolant, and/or pressure within the passage can be selected to minimize the size of the 
passage and energy required to circulate coolant through the passage. In this regard, 
the length of the passage along the fiber amplifier can also be balanced by the cross- 
sectional area of the passage to provide a desirable pressure drop for the coolant 
circulating through the passage. 

In another embodiment, shown in FIG. 7, the fiber amplifier assembly 32 of 
another embodiment of the present invention includes at least one fiber amplifier 
mounted in a serpentine manner through at least one sheet spacer 52 (one shown in 
FIG. 7) that maintains separation between portions of the fiber amplifiers. The sheet 
spacer can be fabricated from any of a number of different materials, including 
plastics or metals such as nylon, Teflon®, Kynar®, Lexan®, or other polyamide, 
polycarbonate, or polyaramid materials. Such an arrangement can be referred to as a 
"tube bundle" heat exchanger arrangement. Also, in such an arrangement, the spacing 
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between the separated fiber amplifier portions can be considered to define a passage 
(designated by arrows 54) in a similar manner as defined above. 

As will be appreciated, the sheet spacer 52 can be embodied in a solid sheet, 
or as an alternative, embodied in woven fibers, and can be fabricated from any of a 
number of different materials, including plastics and metals. For example, the sheet 
spacer can be fabricated from a weave of fiber materials such as polyamides, graphitic 
carbon, aramids, nylon, Teflon®, or metal meshes. In this regard, the sheet spacer 
can be fabricated from material selected to provide structural stiffness and spacing of 
the portions of the fiber amplifiers 34 such that coolant can freely circulate through 
the passage 54 defined between the fiber amplifier portions (described below). 
Additionally or alternatively, the sheet spacer can be fabricated from material non- 
abrasive to the fiber amplifiers, and/or having sufficient flexibility to bend as needed 
for handling and installation of the fiber amplifier assembly, as desired. 

When the fiber amplifier assembly 32 includes more than one sheet spacer, the 
sheet spacers can be separated from one another at a distance sufficient to support and 
constrain the portions of the fiber amplifier 34 such that the portions experience 
reduced bending or vibration due to the action of coolant circulating through the 
passage 54 defined between the fiber amplifier portions (described below). As 
shown, the fiber amplifiers can be mounted through the sheet spacer in a manner such 
that the fiber amplifiers extend through the sheet spacers and bend back through the 
sheet spacers, with the fiber amplifiers having a bend radius selected for margin 
against stress-induced breakage of the fiber amplifier, and/or to reduce optical losses 
in the fiber amplifier. 

Because the passage is defined between the fiber amplifier and the jacket (or 
between the fiber amplifier portions as in FIG. 7), the passage presents an avenue by 
which heat can be carried away from the fiber amplifier. In this regard, a coolant can 
be passed through the passage such that heat from the fiber amplifier is transferred to 
the coolant and carried away by the coolant as the coolant flows through the passage. 
Alternatively, the coolant can be positioned within the passage in a stagnant manner. 

Reference is now made to FIG. 8, which illustrates a system for cooling a fiber 
amplifier according to one embodiment of the present invention. As shown, the 
system 56 of one embodiment of the present invention includes a fiber amplifier 
assembly 32 that includes a fiber amplifier 34 and defines a passage 58 (e.g., between 
5 the fiber amplifier and jacket 42 as shown in FIGS. 4, 5 and 6; between separated 
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fiber amplifier portions as shown in FIG. 7). In addition to the fiber amplifier 
assembly, the system includes a thermal management system 60 capable of circulating 
coolant through the passage defined between the fiber amplifier and the jacket. 
The coolant can comprise, for example, water, chlorofluorocarbon 
5 refrigerants, ethylene glycol, commercial silicone fluids (e.g., Dowtherm™ or 
Syltherm™ fluids), electronic coolants such as Fluorinert™, poly-alpha olefins, 
alcohols, perchloroethylene, carbon tetrachloride, various liquid fuels or the like. 
Also, for example, the coolant can comprise cryogenic fluids such as liquid nitrogen, 
liquid carbon dioxide, or other condensed gases, particularly for low temperature 
10 operations. More generally, however, the coolant can be selected to have low optical 
absorption, refractive index lower than the cladding layer 40, good heat transfer 
properties, low viscosity, and non-corrosive interaction with the jacket 42, sheet 
spacer 52, and fiber amplifier 34. In various instances, the coolant can comprise a 
suitable gaseous material such as helium, nitrogen, carbon dioxide, air or other non- 
15 corrosive gases or mixtures. Such fluids can be selected for operating conditions, for 
example, approximating ambient temperatures of the external environment 
surrounding the fiber amplifier assembly 34, temperatures above the ambient 
temperatures, or cryogenic temperatures. 

As shown, the thermal management system 60 is a closed-loop system and, as 
20 such, is particularly suitable for very long, continuous operation. It should be 

understood, however, that the thermal management system can alternatively comprise 
an open-loop system without departing from the spirit and scope of the present 
invention. The thermal management system generally comprises a closed-loop 
including a heat exchanger 62, a heater 64, a pump 66 (e.g., a fluid pump) and 
25 plurality of transfer lines forming a closed-flow loop 68. In addition, the system can 
incorporate valves 70 and 72 that allow coolant to pass the heat exchanger. As will be 
appreciated by those skilled in the art, the thermal management system may further 
incorporate valves, reservoirs, accumulators, sensors and other flow loop control and 
instrumentation devices as may be required to maintain temperature, flow rate, and 
30 pressure of the coolant in each loop within prescribed limits. As will also be 
appreciated, the thermal management system may further include filtration and 
purification components to reduce the amount of contaminants and corrosive elements 
in the coolant that could otherwise impede the effectiveness of the thermal 
management system or cause damage to the fibers or surrounding components. In 
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addition, the flow loop can be arranged in any one of a number of manners to 
circulate coolant through the passage defined by the fiber amplifier assembly 32 to 
thereby directly or indirectly cool the fiber amplifier 34. 

During normal operation of the flow loop 68, valve 72 is open and valve 70 is 
5 closed, while the pump 66 is capable of circulating a coolant from the heat exchanger 
62 through the passage 58 defined by the fiber amplifier assembly 32, and back 
through heat exchanger. In one more particular embodiment, the coolant can 
comprise an emulsion of phase change materials that at least partially melt, or more 
typically melt or vaporize, at a desired control temperature, as shown in FIG. 6. As 

10 indicated above, the coolant can be selected to have a refractive index smaller than 
that of the outer cladding layer 40 of the fiber amplifier 34. By selecting the coolant 
as such, the coolant is capable of being circulated through the passage while 
maintaining the waveguide properties of the fiber amplifier. In this regard, typically 
in waveguide design, the refractive index of outer layers or cores is selected to be 

1 5 lower than the refractive index of more inner layers to thereby more readily confine 
pump energy and signal energy within the more inner layers. 

In operation, the fiber amplifier 34 produces heat in the fiber amplifier 
assembly 32. Heat generated in the fiber amplifier assembly is carried away from the 
fiber amplifier to the heat exchanger 62 by the coolant circulating in the flow loop 68. 

20 The thermal management system 60 typically delivers coolant to the fiber amplifier 
assembly at a predetermined temperature that can be maintained within a narrow 
range of typically few degrees Centigrade to provide more exact thermal management 
of the fiber amplifier assembly, or more particularly, the fiber amplifier. Within the 
flow loop 68, then, coolant is fed into the heat exchanger 62 at a temperature 

25 sufficiently high so that the heat exchanger can reject the heat into a fluid, such as air 
or water, or released by thermal radiation through an extended array of surfaces to a 
sufficiently cold background environment (such as may occur in space applications). 

Prior to starting operation of the fiber amplifier 34, the coolant in the flow 
loop 68 of the thermal management system 60 can be warmed up from an in- 

30 operational temperature (e.g., ambient temperature) to an operational temperature of 
the flow loop. As such, a heater 64, which can be electrically operated, can serve to 
warm the coolant in the loop. Also, during normal operation, the heater can make 
minor temperature adjustments to the coolant in the flow loop. In this regard, the 
coolant can be warmed by closing valve 72 and opening valve 70, while the pump 66 
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re-circulates the coolant through the heater, thereby warming the coolant to a normal 
operating temperature. As the coolant warms, valve 72 can be gradually opened to 
allow the heat exchanger 62 to warm up. And when the coolant reaches the 
operational temperature, valve 70 can be closed shut. 
5 It will be appreciated that the thermal management system 60 of the system 56 

illustrated in FIG. 8 can be implemented in a number of variants without departing 
from the spirit and scope of the present invention. For example, FIG. 9 illustrates a 
thermal management system 74 particularly suited for instances in which the coolant 
comprises an emulsion of phase change materials. As shown, the thermal 

10 management system of FIG. 9 generally comprising a reservoir 76, a pump (e.g., fluid 
pump) 78, a condenser 80 and plurality of transfer lines forming a flow loop 82. As 
before, as will be appreciated by those skilled in the art, the thermal management 
system may further incorporate valves, reservoirs, accumulators, sensors, and other 
flow loop control and instrumentation devices as may be required to maintain 

1 5 temperature, flow rate, and pressure of the coolant in each loop within prescribed 
limits. 

During normal operation, the pump 78 draws coolant from the reservoir 76 
and feeds the coolant of phase change materials through the fiber amplifier assembly 
32. As the coolant passes through the fiber amplifier assembly, the phase change 

20 materials at least partially melt, or in one embodiment vaporize, at a desired control 
temperature, thus carrying away the heat generated by the fiber amplifier 34. The 
melted or vaporized phase change materials can then be fed into the condenser 80. 
While inside the condenser, at least a portion of the coolant can be cooled or 
otherwise condensed back into its original condition. Thereafter, the coolant can pass 

25 to the reservoir 76, where the process repeats. 

As indicated above, the coolant can comprise an emulsion of phase change 
materials. It should be appreciated that the phase change materials can comprise 
chemical compositions that have phase change points at desired temperature 
conditions, and sufficient latent heat of fusion or boiling to absorb heat from the fiber 

30 amplifier 34 during normal operation. The emulsion of phase change materials can 
comprise, for example, a mixed phase slurry of solid particles suspended in a carrier 
fluid, a mist of liquid droplets in a carrier gas. Also, for example, the phase change 
materials can comprise a chemical composition encapsulated in a suitable material, 
such as microscopic metal or plastic containments, where the encapsulated 
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composition is suspended in a carrier fluid. In such an arrangement, encapsulating the 
composition can be capable of physically isolating the composition from the carrier 
fluid without significantly impairing thermal communication between the composition 
and the fiber amplifier. Further, for example, the phase change materials can be 
5 selected to include any of a variety of paraffin waxes, hexane, water, ammonia, 
alcohols, refrigerants, or any other materials that have the desired range of phase 
change temperatures and characteristics. 

It should be appreciated that coolant comprising phase change materials need 
not be circulated through the passage 58 (e.g., between the fiber amplifier and jacket 

10 42 as shown in FIGS. 4, 5 and 6; between separated fiber amplifier portions as shown 
in FIG. 7). Alternatively, the phase change materials can be positioned within the 
passage, and in thermal communication with the fiber amplifier 34 such that the phase 
change materials remain at least partially stationary. A secondary coolant, such as a 
carrier fluid within which the phase change materials (e.g., encapsulated chemical 

15 composition) are suspended, can then be circulated between or otherwise placed in 
thermal communication with the phase change materials to cool and condense the 
phase change materials during or between periods of normal operation. As will be 
appreciated, such an arrangement can provide a surge capability for rapid heat 
removal from the fiber amplifiers for a short period while not requiring as large a 

20 pump and heat exchanger combination that could otherwise be required to remove the 
heat load in a continuous, real-time manner. For high power laser weapons and 
certain high power industrial applications, for example, such an arrangement could be 
implemented to reduce the size and weight of the thermal management system 60. 
As shown and described above, the fiber amplifier assembly 32 includes a 

25 fiber amplifier 34 comprising a dual-clad fiber amplifier. It should be understood, 
however, that the fiber amplifier assembly can include any type of fiber. Thus, the 
fiber amplifier assembly of embodiments of the present invention can comprise any 
fiber and define a passage such that coolant can be disposed therebetween to transfer 
heat from the fiber, where the passage can be maintained by a retaining structure. It 

30 should also be understood that, although the term "fiber amplifier" is used herein, the 
term "fiber amplifier" implies any and all variations of the same, including "fiber 
laser," "fiber laser amplifier," "fiber laser oscillator" and the like. 

Many modifications and other embodiments of the invention will come to 
mind to one skilled in the art to which this invention pertains having the benefit of the 
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teachings presented in the foregoing descriptions and the associated drawings. 
Therefore, it is to be understood that the invention is not to be limited to the specific 
embodiments disclosed and that modifications and other embodiments are intended to 
be included within the scope of the appended claims. Although specific terms are 
5 employed herein, they are used in a generic and descriptive sense only and not for 
purposes of limitation. 
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